Background: Neurodegeneration with brain iron accumulation (NBIA) defines a group of genetic disorders characterized by brain iron deposition and associated with neuronal death. The known causes of NBIA include pantothenate kinase-associated neurodegeneration (PKAN), neuroferritinopathy, infantile neuroaxonal dystrophy (INAD), and aceruloplasminemia.
Iron accumulates within the basal ganglia and dentate nuclei during normal aging. 1 More intense iron deposition has been demonstrated within the substantia nigra in Parkinson disease, and structures affected by ␤ amyloid plaques in Alzheimer disease, implicating iron deposition in the pathogenesis of common neurodegenerative diseases, possibly through increased oxidative stress. 2, 3 Direct evidence supporting a causal role for iron deposition in neurodegenerative conditions comes from a group of genetic disorders termed neurodegeneration with brain iron accumulation (NBIA), in which a variety of genetic defects in iron metabolism lead to brain iron accumulation with neuronal death in the affected brain regions. 4 Four subtypes of NBIA have been defined at the molecular genetic level. Pantothenate kinase associated neurodegeneration (PKAN, NBIA type one, MIM 234200), formerly known as Hallervorden-Spatz syndrome, is caused by mutation of the pantothenate kinase 2 gene (PANK2). 5 Infantile neuroaxonal dystrophy (INAD, MIM 256600) is a recessive disorder with psychomotor regression due to mutations in PLA2G6. 6 Mutations of the ferritin light chain gene (FTL1) cause the adult onset autosomal dominant movement disorder neuroferritinopathy (FTL, NBIA type two, hereditary ferritinopathy, MIM 606159). 7 A further form of NBIA is aceruloplasminemia (aCp, MIM 604290), an autosomal recessive ceruloplasmin deficiency which results in iron deposition in the reticuloendothelial system and brain, presenting with diabetes and an extrapyramidal movement disorder in adult life. 8 Extensive phenotypic overlap presents a major challenge in the clinical diagnosis of different subtypes of NBIA, particularly in the early stages. Although molecular genetic testing can provide the definitive diagnosis, comprehensive testing is only available on a research basis, and the genetic defect remains undefined in a large subgroup of patients with so-called NBIA of unknown cause. A reliable clinical investigation capable of predicting the genetic diagnosis would be useful to inform genetic counseling, predict the disease course, and ensure appropriate enrollment in clinical trials of new treatments. Dramatic evidence of focal brain iron accumulation on brain imaging is usually the first indication of NBIA, but the features distinguishing the different subtypes have yet to be defined.
METHODS MRI brain scans from 61 cases of NBIA were obtained from multiple centers across North America and Western Europe. Both gradient echo (T2*) and fast spin echo (FSE) sequences were examined. T2* sequences are highly sensitive for detection of brain iron while FSE is more frequently used in routine clinical practice. We compared T2* and FSE scans to evaluate whether T2* sequences permitted detection of iron deposition not seen on FSE. Scans from 26 cases of PKAN (5 with T2* images and T2 FSE images and 21 with T2 FSE images alone), 4 cases of INAD (2 with T2* images and 2 with T2 FSE), 21 cases of neuroferritinopathy (all with T2* images and T2 FSE images), and 10 cases of aceruloplasminemia were analyzed. For the aceruloplasminemia cases, original scans were available for one case and MRI images from a further 9 cases were obtained from case reports which were identified through a systematic review of the literature using keywords "aceruloplasminemia" and "acaeruloplasminaemia" on PubMed and Medline for the period 1990 -2006. [9] [10] [11] [12] [13] [14] [15] [16] [17] All cases were confirmed with a molecular genetic diagnosis. All of the neuroferritinopathy cases had the 460 InsA mutation of FTL1.
As this was a retrospective study, the scans were performed on different MR scanners with corresponding sequence parameters. The scans were analyzed by a single radiologist, blind to the molecular diagnosis. It was not possible to blindly analyze the aceruloplasminemia scans obtained from case reports. A subset of scans was reviewed by a second radiologist for validation. Regions of interest (ROIs) were scored as hypointense, isointense, or hyperintense. The ROIs examined were dentate nucleus, substantia nigra, globus pallidus, putamen, caudate, thalamus, and cerebral cortex. Scans were also scored for presence of an eye of the tiger sign, defined as an area of central hyperintensity surrounded by hypointensity centered on the globus pallidus.
RESULTS
For the PKAN cases, 14 were male and 12 were female, aged 2-41 years, mean age 10 years. The INAD cases were two boys and two girls, aged 5-10 years, mean 8 years. Of the neuroferritinopathy cases, 9 were men and 12 were women, aged 32-69 years, mean 52 years. The aceruloplasminemia cases were five men and five women, aged 27-72 years, with a mean age of 51 years.
The radiologic features of each disorder are summarized in the table. On T2* imaging, PKAN was associated with an eye of the tiger sign involving the globus pallidus (5/5, 100%), hypointensity of the substantia nigra (4/5, 80%) and dentate nucleus (1/5, 20%) ( figure 1A ). In INAD, T2* demonstrated hypointensity of globus pallidus (2/2, 100%), dentate nuclei (2/2, 100%), and substantia nigra (2/2, 100%) ( figure  1B ). In neuroferritinopathy, T2* showed widespread hypointensity in the cerebral cortex (15/ 21, 71%), globus pallidus (8/21, 38%), putamen (6/21, 28%), caudate nuclei (3/21, 14%), thalamus (4/21, 19%), substantia nigra (17/21, 81%), and dentate nuclei (20/21, 95%) ( figure 1C ). In 52% (11/21) of neuroferritinopathy cases the globus pallidus and putamen were involved by a confluent area of hyperintensity with a rim of peripheral hypointensity. This hyperintense area is likely to be due to fluid within an area of cystic degeneration, as autopsy of advanced neuroferritinopathy cases has demonstrated cystic degeneration of the putamena and pallida with fluid accumulation within the cysts. Thus the neuroferritinopathy T2* scans fell into two groups: one (10/21, 48%) with hypointensity of the basal ganglia nuclei and a second group (11/21, 52%) with confluent hyperintensity (probable cavitation) of pallida and puta-men with hypointensity of substantia nigra and dentate nuclei. In two cases of neuroferritinopathy there was an eye of the tiger sign indistinguishable from that seen in PKAN (figure 2). In aceruloplasminemia, the pattern of iron deposition on T2* scans was similar to that in neuroferritinopathy, involving cerebral cortex (4/4, 100%), globus pallidus (4/4, 100%), putamen 6 FSE § 0 (0) 6 (100) † 6 (100) † 6 (100) † 6 (100) † 5 (100) † 3 (100) † 0 (0) 0 (0) †Hypointense. ‡Hyperintense. § Only five aCP scans showed the dentates and three the substantia nigra.
Cavitation ϭ confluent hyperintensity of pallida and putamen representing probable cavitation; PKAN ϭ pantothenate kinase associated neurodegeneration; INAD ϭ infantile neuroaxonal dystrophy; FTL ϭ neuroferritinopathy; aCP ϭ aceruloplasminemia. (4/4, 100%), caudate (4/4, 100%), thalamus (4/4, 100%), dentates (4/4, 100%), substantia nigra (4/4, 100%), and cerebellar cortex (2/4, 50%) ( figure 1D ). T2-FSE scans in PKAN demonstrated an eye of the tiger sign in globus pallidus (26/26, 100%), with hypointensity of substantia nigra (18/26, 69%) and dentate nuclei (2/26, 7%) ( figure 3A) . In T2 FSE scans of INAD the globus pallidus was hypointense (2/2, 100%) with 100% having nigral hypointensity ( figure 3B ). In neuroferritinopathy, 9% (2/21) had small areas of hyperintensity within the globus pallidus and putamen while 38% (8/21) had areas of increased signal in the caudate. Hypointensity of dentates (15/21, 71%) and substantia nigra (11/21, 52%) was also observed. In 52% (11/21) of neuroferritinopathy cases the globus pallidus and putamen were involved by a confluent area of hyperintensity with peripheral hypointensity, as described above; this is likely to be due to cystic degeneration ( figure  3C ). The neuroferritinopathy FSE scans fell into two groups: one (10/21, 48%) with small areas of hyperintensity within pallida, putamen, and caudates with hypointensity of substantia nigra and dentates, while the second group (11/21, 52%) had confluent hyperintensity (probable cavitation) of pallida and putamen with hypointensity of substantia nigra and dentate nuclei. On T2-FSE of aceruloplasminemia, hypointensity of dentates (5/5, 100%), substantia nigra (3/3, 100%), globus pallidus (6/6, 100%), putamen (6/6, 100%), caudates (6/6, 100%), and thalamus (6/6, 100%) was observed ( figure 3D ). In general, iron deposition on T2* sequences was observed to be more widespread than that on FSE. For example, cortical and thalamic iron deposition in FTL was observed on T2* but not FSE, while iron deposition in the putamen, dentate, and substantia nigra in FTL was more frequently observed on T2* than FSE.
DISCUSSION
The core imaging features that distinguish the different subtypes of NBIA are summarized in figure 4 . Although the appearances of INAD were similar to PKAN, neuroferritinopathy was different on both T2* and FSE scans. In the majority of PKAN cases abnormalities were restricted to globus pallidus and substantia nigra, with all having an eye of the tiger sign, although this was subtle in some mildly affected cases. A minority of PKAN cases also had involvement of the dentate nuclei (1/5 on T2* and 2/26 on FSE). In INAD hypointensity of globus pallidus and substantia nigra was seen in all cases, with dentate hypointensity only on T2*. By contrast, in neuroferritinopathy the globus pallidus, putamen, and dentate nuclei were consistently involved with lesions of caudates or thalami in a subset, and confluent hyperintensity of the globus pallidus and putamen, probably due to cystic degeneration, in approximately half of the cases Neuroimaging features distinguishing subtypes of neurodegeneration with brain iron accumulation studied. The iron deposition in aceruloplasminemia had a comparable distribution to that in neuroferritinopathy, but in aceruloplasminemia all basal ganglia nuclei and thalami were simultaneously involved on T2* and FSE sequences, while in neuroferritinopathy only 3/21 (15%) had all nuclei involved, and thalamic abnormalities were not seen on FSE scans. A further distinguishing feature was the lack of areas compatible with cystic degeneration in aceruloplasminemia. The comparison of T2* and FSE scans suggests that T2* sequences are more sensitive for demonstration of brain iron accumulation, and that T2* should be the preferred imaging modality for NBIA diagnosis. The combination of hyperintense and hypointense abnormalities on NBIA scans probably results from iron deposition causing hypointense lesions in early disease with development of hyperintense lesions reflecting tissue edema and gliosis with disease progression. 5 With the pathologic process progressing at different rates in different brain regions, there will be combined hypo-and hyperintense lesions on MRI.
Although there were clear distinguishing features on brain MR imaging in most cases, there was a degree of overlap between neuroferritinopathy with PKAN (two cases) and neuroferritinopathy with aceruloplasminemia (three cases). An eye of the tiger sign, considered almost pathognomonic of PKAN, 4 was observed in two cases of neuroferritinopathy (figure 2). The importance of this is reinforced by the fact that one of the original neuroferritinopathy cases was misdiagnosed with PKAN. 7 Thus, an eye of the tiger sign must not be interpreted in isolation; scans should be scrutinized for involvement of other basal ganglia nuclei and cerebral cortex. Other routine clinical investigations such as serum ferritin may help clarify the diagnosis of neuroferritinopathy before molecular genetic testing, since serum ferritin is abnormally low in men and postmenopausal women with neuroferritinopathy but within normal limits in premenopausal women with neuroferritinopathy. 18 Three cases of neuroferritinopathy had hypointensity of all basal ganglia nuclei on T2* scans resembling aceruloplasminemia. These cases had short disease durations (1-2 years), probably explaining why there were no hyperintense lesions as seen in more advanced disease. However, none had abnormal thalami on T2 FSE, clearly distinguishing them from aceruloplasminemia. The MR images should therefore be interpreted in context of age and disease duration, which influence the clinical and radiologic picture. Uncertainty may be resolved by repeat imaging after a 3-5-year interval. For example, in two cases of neuroferritinopathy, hyperintense areas probably representing cystic degeneration developed on scans repeated 18 -24 months after initial imaging, permitting distinction from aceruloplasminemia. However, while areas compatible with cavitation were not observed in the PKAN, INAD, and aceruloplasminemia cases in this study, the possibility that cystic degeneration may develop in advanced cases of these conditions cannot be excluded and this must be taken into consideration when evaluating NBIA scans in clinical practice.
While we have focused on the imaging features of inherited causes of brain iron accumulation, there are several other disorders associated with hypointensities on brain T2* images. In betathalassanemia major, 19 HIV, 20 and Wilson disease, 21 T2* hypointensities of the globus pallidus, caudate nuclei, and putamen have been described. In thalassanemia this results from iron overload, while in HIV it may reflect iron released from injured cells, and the imaging features in Wilson disease are due to the paramagnetic properties of copper. The clinical context will permit ready distinction of the NBIA disorders described here from these non-genetic conditions. Furthermore, it is important to note that the eye of the tiger sign can be seen in non-NBIA conditions such as corticobasal degeneration and progressive supranuclear palsy, and these should be considered in the differential diagnosis when appropriate. [22] [23] [24] The substantia nigra, dentate nuclei, and globus pallidus are iron-rich structures in the normal brain, rendering them selectively vulnerable to neurodegeneration associated with iron deposition. 1 This pattern is reflected in the imaging findings of neuroferritinopathy and aceruloplasminemia, where iron deposition is a primary phenomenon through disruption of ferritin or loss of ferroxidase activity, leading to iron deposition and subsequent neurodegeneration in all of the iron rich neuronal structures targeted in the aged brain. By contrast, in PKAN and INAD the iron is limited to the globus pallidus, substantia nigra, and, occasionally, dentate nuclei. Even in advanced cases of PKAN and INAD, we saw no evidence of iron accumulation in other structures, in keeping with the view that the iron deposition is secondary to the primary metabolic defect. Precisely why some iron-rich structures remain unaffected has yet to be established. Paradoxically, the unaffected basal ganglia in PKAN and
